Abstract: Most beetles belonging to the subfamily Carabinae of the family Carabidae (socalled carabid ground beetles) cannot fly, because their hind-wings are highly degenerated. However, about half of the species in the subtribe Calosomina within the same subfamily can fly. From extensive morphological examinations of the hind-wings of Carabinae species in conjunction with DNA molecular phylogenetic trees, the process and possible causes of hind-wing degeneration in the Carabinae are discussed.
Introduction
The Carabinae is a large subfamily in the family Carabidae and is taxonomically classified into four tribes -the Cychrini, the Pamborini, the Ceroglossini, and the Carabini -based on morphological characteristics. Of these, the Carabini is further divided into two subtribes, Carabina and Calosomina. Based on the above taxonomy, we used mitochondrial and nuclear DNA sequence data to construct phylogenetic trees for approximately 2500 specimens collected from around the world from 1994 to the present. The results showed that the evolution of carabid beetles has proceeded with a combination of episodes of explosive radiation, 1) ,2) gradual and slow species formation 2) and silent evolution, 3) which have been characterized by the absence of morphological change over extended periods of time.
1)-3)
We also found that numerous hybrid-derived populations have arisen over the course of carabid evolution. 4) However, we did not pay much attention to the hind-wings of the specimens used in the above studies, because the hind-wings of carabid beetles (except for some Calosomina-species) are vestigial or absent.
The degeneration of the hind-wings in the carabid beetles is considered to have played an important role in species differentiation because the inability to fly has increased geographic isolation (e.g., Moore 5) ). This aspect is applicable to a number of beetle families with vestigial hind-wings (see Ikeda et al. 6) ). Another aspect of this study was to understand the process and underlying reasons for the degeneration of the hind-wings. Inaizumi 7) proposed the existence of two routes for hind-wing degeneration by examining 11 Japanese Carabina species. Sugiki 8) demonstrated that ecological conditions affect the magnitude of hind-wing degeneration in the Japanese carabid, Limnocarabus maacki. Inspired by these two works, we systematically studied the process of hind-wing degeneration and suggest that the ecological factors are responsible for hindwing degeneration phenomena. Because such investigations should be based on a reliable phylogeny, we constructed molecular phylogenetic trees for these ground beetles in conjunction with geographic events.
Materials and methods
To clarify the evolutionary history of the subfamily Carabinae, molecular phylogenetic analyses and estimates of divergence time were performed using mitochondrial (mt) ND5 gene sequence data published in our previous studies.
2) However, the mt gene sequences selected for phylogenetic analysis were investigated using more recent and robust analytical methods, which allowed the divergence time of the Carabinae, including all tribes and subtribes, to be estimated.
The DNA sequences (1069 sites) were aligned using MAFFT, 9) and no indels were found in all alignment data sets. Phylogenetic analyses with 500 bootstrap replications were performed using MEGA7 10) with the Maximum Likelihood (ML) method based on the Tamura-Nei model, 11) which is the best-fit model determined using MEGA7 with BIC and AICc criteria. The time scale involved for the tree was inferred using the RelTime method 12) and the Tamura-Nei model in MEGA7. The divergence time was computed using three calibration constraints (see Fig. 1 ), with the evolutionary rate of the mtND5 gene of carabid ground beetles as 3.6 million years per 0.01 pairwise Kimura-two parameter distance.
1),2)
Considering the classification based on molecular phylogenetic analyses, we examined the hindwings of 54 carabid species in 19 genera, representing all the tribes and subtribes of the subfamily Carabinae around the world (Table 1) .
Results

1)
Divergence time in the subfamily Carabinae estimated using molecular phylogenetic analyses.
The classical taxonomic classification based on morphology of the subfamily Carabinae was described in the Introduction. The classification from the results of molecular phylogenetic analyses is generally in agreement with the classical one. However, in the classical taxonomy, the Pamborini and the Ceroglossini are treated as two independent tribes. The molecular phylogeney clearly indicates that the morphology-based Pamborini and the Ceroglossini should be unified into a single tribe in which two subtribes the Pamborina and the Ceroglossina may be settled (Fig. 1) . We then propose a new classification system of the subfamily Carabinae based on the molecular phylogeny (Table 2) . To discuss the degeneration pattern of the Carabinae hind-wings (see discussion section), a phylogenetic tree with expanded representative species especially focused to the Calosomina species was constructed, and this tree also supports the sister relationship between the Pamborina and the Ceroglossina (Fig. 2) .
The approximate distribution ranges of all the molecular phylogeny-based tribes and subtribes and their representative species are shown in Fig. 3 (modified from Fig. 4 
.6 of Ref. 2).
According to Su et al., 13) the oldest genus in the tribe Cychrini is Scaphinotus followed by Cychropsis, and then Cychrus (Figs. 1 and 2 ). The origin of the latter two genera on the Eurasian continent is likely the North American Cychrini, because Scaphinotus and its related genera are not present on the Eurasian continent.
The two subtribes in the tribe Pamborini, i.e., the Pamborina and the Ceroglossina, are considered to have separated approximately 60 million years ago (Mya) (Fig. 1 ). According to Cox and Moore, 14) the South American, Australian and Antarctic Regions were contiguous approximately 70 Mya before separating about 50 Mya. Thus, isolation of the Ceroglossina and the Pamborina is supported by the geological record. It is reasonable to assume that the Pamborini emerged after the Cychrini in North America, before finally reaching Australia via South America.
The tribe Carabini is the largest group in the subfamily Carabinae, and is divided into two subtribes, the Carabina and the Calosomina. The former is distributed in the Holarctic Region, and the latter has an almost cosmopolitan distribution. Differentiation of the tribe Carabini is considered to have started about 52 Mya (Fig. 1) . The ancestor of this tribe likely migrated from North America to the Eurasian continent, where they underwent extensive diversification.
The Carabina and the Calosomina are sister groups, as shown in Figs. 1 and 2 . However, whether the divergence of these two subtribes occurred in the New World or on the Eurasian continent cannot be determined from the phylogenetic tree alone. However, because the Carabina subtribe on the Eurasian continent is relatively species rich and only a small number of species are distributed in the New World, we assumed that divergence of these two subtribes occurred on the Eurasian continent. The species in the New World could thus be fairly recent immigrants from the Eurasian continent.
2) Hind-wing degeneration of representative species of the Carabinae.
To demonstrate the The purpose of this study was not to recommend nomenclatural changes but to contribute phylogeny and evolutionary history of the carabid beetles. Therefore, we use these names for the sake of convenience. patterns of wing degeneration in the Carabinae, we illustrated 11 representative species belonging to all of the (sub)tribes of the subfamily Carabinae (Figs. 4-6 ). In principle, the hind-wing is composed of the flight muscles and a membranous wing. In most Carabinae species, the membranous wings are typically vestigial (e.g., see Figs. 5A-d and 5B-d, where the flight muscle and degenerated wing are shown by blue and green arrows, respectively). However, in 5 species of 4 genera of the Cychrini from Eurasia and North America, their hind wings and flight muscles cannot be recognized, indicating that the hind-wings of the Cychrini are the most vestigial among all of the tribes in the Carabinae (Fig. 4) . Indeed, the hind-wings and the associated flight muscles were totally absent in all of the Cychrini. In the tribe Pamborini (comprised of the Pamborina and the Ceroglossina) and the Carabini (comprised of the Carabina and the Calosomina), the hind-wings of the Pamborini and the Carabina are more or less degenerated, whereas about half of the species belonging to the Calosomina are winged. The hind-wing of Pamborus alternans (the subtribe Pamborina) is remarkably atrophic (Fig. 5A) , forming a needle-like narrow process tightly attached to the inner basal portion of the elytral epipleuron via the flight muscle (Fig. 5A-d) . The degree of hind-wing degeneration in Ceroglossus chilensis (Fig. 5B-d) is similar to that observed in Pamborus spp. The pattern of hind-wing degeneration in other species of the subtribes Pamborina and Ceroglossina is essentially similar to that of P. alternans we have examined to date (see Table 1 ).
The hind-wings of Carabina spp. show varying degrees of degeneration. In both Hemicarabus macleayi (Fig. 5C ) and Ohomopterus insulicola (Fig. 5D) , the hind-wings are highly degenerated, although the pattern of atrophy in these species is unequal and equal, respectively (see Section 3). Figure 6A shows Calosoma maximowiczi (the subtribe Calosomina, the tribe Carabini) found in woodland habitants. This species has hind-wings that are well-developed and can be used for flight. Figures 6B and 6C show Callisthenes kuschakewitschi and Carabops burtoni (the subtribe Calosomina, the tribe Carabini), which are found in arid regions; the hind-wings of these species are highly degenerated and probably cannot be used for flight. In the phylogenetic tree (Fig. 2) , the flyable and unflyable Calosomina species (respectively shown by bold and regular letters in Fig. 2 ) do not form independent lineage. Although we examined only two species having degenerated hind-wings in this study, the other species shown by regular letters in Fig. 2 also have degenerated hind-wings (see pp. 43-44 of Ref.
2).
3) Degeneration pattern of the hind-wings within the Japanese Carabinae. Figure 7 shows left hind-wing of 17 representative species of the Carabina occurring in Japan. Inaizumi 7) recognized two types of wing degeneration, namely, equal degeneration-type corresponding to Fig. 7E-7I , and unequal degeneration-type (Fig. 7M-7R ). However, it is difficult to accept Inaizumi's scheme of two distinct types of wing degeneration because several species show an intermediate degeneration-type ( Fig. 7J-7L ). In certain species, such as Limnocarabus maacki, Carabus granulatus and C. arvensis, there exist individuals having both well-developed hind-wings ( Fig. 8A-a, 8B -a, 8C-a) and highly degenerated hind-wings (Fig. 8A-b , 8B-b, 8C-b). In these three species, there exist individuals having intermediary sized hind-wings (see Discussion 3) .
We then propose an apparently continuous degeneration profile for the Japanese Carabina species. 2) ) the subfamily Carabinae originated from non-Carabinae ground beetles about 80 Mya. The oldest tribe in the Carabinae is the Cychrini, followed by the tribe Pamborini (which contains the subtribes Pamborina and the Ceroglossina) and finally the tribe Carabini (which contains the subtribes Carabina and Calosomina). The hindwings of all the Carabinae beetles, except for some Calosomina, are either absent or degenerated, and the degree of degeneration macroscopically matches the above-mentioned phylogenetic order at the (sub)tribe level.
Because hind-wing degeneration in the Cychrini and the Pamborini is at the end or nearly the end stages, the detailed process of hind-wing degeneration cannot be traced. However, hind-wing degeneration of different stages can be observed in the Carabina species, in which the extent of hind-wing degeneration does not reflect the phylogenetic age (see Figs. 1, 2, 7 and also Section 3 of the Discussion).
In addition, all of the members of the Carabinae possess forewings (elytra), whereas their hind-wings are either vestigial or absent (except for some Calosomina spp.). These findings strongly suggest that the development of the fore-and hind-wings are under different control mechanisms.
2) The mother lineage of the Carabinae as deduced from hind-wing degeneration patterns. The ancestor of the Carabinae was likely a flyable and, carnivorous, non-carabinae, ground beetle that inhabited forests. Among the extant (sub)tribes, such habitat preference is seen in the subtribe Calosomina. Thus, it seems likely that the parental lineage could have started from the ancestral Carabinae and extended to the extant subtribe Calosomina. The Cychrini, the Pamborini, and the Carabini are thus tribes that branched off from the mother lineage. In other words, the ancestral form of the Carabinae could have well developed hind-wings that were capable of flight. Figure 9 shows a hypothetical evolutionary tree with the Cychrini, the Pamborini, and the Carabina branching from the mother lineage.
3) Factors affecting degeneration of the hindwings. It is difficult to speculate how and why the hind-wings began to degenerate from the winged ancestor of the Carabinae. In the case of the Cychrini, it may have been easier to obtain food, such as earthworms, insect larvae, and land snails on and below the ground surface (see Lindroth 15) ) than to catch small insects in the trees. Consequently, the Cychrini became adapted to ground environments. Given the ancestral form, the Cychrini no longer had to fly to catch its prey, the hind-wings became unnecessary and disappeared.
The tribe Pamborini could have branched off from the mother lineage in the barren areas of South America, where there are no trees and the Pamborini species were forced to hunt for prey on land. Thus, their hind-wings became unnecessary and degenerated.
The morphology and molecular phylogenetic tree of the Carabina provide us with several clues regarding the degeneration of the hind-wings, which occurred after branching off from the parental (the Calosomina) lineage. The extent of hind-wing degeneration does not reflect phylogenetic age. For example, although C. granulatus and C. arvensis are very old species, they have relatively moderate-sized wings; conversely, while Damaster blaptoides and Ohomopterus spp. emerged much later than Carabus spp., these species have highly degenerated hind-wings (for a molecular phyloge- netic tree of the Japanese Carabina, see Fig. 6 .3 in Osawa et al. 2) ). As discussed below, we consider that the prevailing ecological conditions act as a trigger for hind-wing degeneration rather than the phylogenetic age. The most remarkable examples of the effect of ecological conditions may be seen in the individuals with relatively well conserved (Fig. 8A-a) and highly degenerated (Fig. 8A-b) hind-wings of L. maacki, C. granulatus (Fig. 8B) , or C. arvensis (Fig. 8C) . These figures seem to show the effect of a simple mutation on hind-wing dimorphism in each species. However, Sugiki 8) examined about 50 L. maacki specimens from the area surrounding Lake Jûsan-ko in Aomori Prefecture in northern Japan and found individuals with variously sized hind-wings. Notably, however, individuals with relatively well conserved hind-wings tended to occur more frequently in the areas close to the lake. C. granulatus is an example of the possible effect of humidity. The population of C. granulatus occurring in Hokkaido, Japan, is stenotopic and hygrophilous, with most individuals in a population having hind-wings that are relatively well conserved (Fig. 8B-a) . Conversely, the populations in Honshu are eurytopic with hind-wings that are typically more degenerated than the Hokkaido population ( Fig. 8B-b) . In addition, many individuals with intermediate-sized hind-wings are recognized in both populations. The hind-wings of C. granulatus from North America are degenerated and somewhat variable in size; no individuals capable of flight have been observed to date. 15) In other words, hind-wing degeneration proceeds gradually and cannot be explained by a simple dimorphic genetic mutation. The extent of hind-wing degeneration in hygrophilous species such as Hygrocarabus nodulosus, H. variolosus, and other species is much less pronounced than that in the same species found in drier areas. 16 ), 17) The predominance of individuals with relatively well-developed hind-wings in wetlands -compared with individuals with highly degenerated hind-wings in arid areas -favors the hypothesis that the surrounding ecological conditions (in this case, humidity) may act as a trigger for hind-wing degeneration. However, humidity is not likely to be the only ecological factor affecting hind-wing degeneration.
Nearly half of the extant Calosomina spp. can fly (Fig. 6A ), but the remaining half which inhabit arid areas are flightless (see Bruschi 18) ). The Calosomina species with well-developed hind-wings inhabit forested areas and are generally arboreal predators of caterpillars.
A Calosomina species Callisthenes kuschakewitschi from arid areas of the Talasskij Alatau in Kazakhstan (Fig. 6B) has highly degenerated hindwings. The situation could be similar for other Calosomina species with degenerated hind-wings, such as species inhabiting arid regions or high altitudes, including those found in central Asia, parts of Africa, and western North America. The above observations suggest that once the ecological conditions changed and woodlands became arid areas and caterpillars on trees were unavailable, the Calosomina species either died out or survived on the land surface. The hind-wings of species inhabiting these environments became unnecessary and degenerated as in the Carabina species. These flightless, brachypterous species are forced to prey on the larvae of various small arthropods or other soil-dwelling organisms. It is highly plausible that the capacity for flight in brachypterous species is linked to their ecological (feeding) habitat. Of note, several flightless Calosomina species are grouped with flying Calosomina species and do not form an independent branch on the phylogenetic tree (see Fig. 2 ). Therefore, this observation suggests that degeneration of the hindwings is controlled by ecological conditions regardless of phylogenetic lineages.
In summary, we propose that (1) the rate of hind-wing degeneration depends on the surrounding ecological conditions and not on phylogenetic age, at least in the subtribe Carabina, and (2) that hindwing degeneration probably occurs irreversibly. See also Fig. 9 for a simplified molecular phylogenetic tree of the subfamily Carabinae showing the process of hind-wing degeneration. The hind-wings of some representative species are illustrated schematically on the right side with description of inhabiting environments. On the left side of the Cychrini line shows the hind-wing of the hypothetical ancestral Carabinae species.
4) Degeneration of the hind-wings in the Coleopterous world.
There exist a number of beetles whose hind-wings are highly degenerated in both sexes as in the Carabinae ground beetles discussed in this paper. These beetles can be found in the Cerambycidae, the Tenebrioidae, the Elateridae, the Curculionidae, etc. Their living territories are restricted to relatively small areas where feeding and reproductive activities are satisfied without flying activity. Thus, the hind-wings became unnecessary and degenerated. The degenerations may be the results of adaptation to their environment. The degeneration of this kind is a phenomenon of mere removal of "disuse" structure and thus supports the disuse part of the Lamarck's Use and Disuse Theory.
It is well known that in some lampyrid beetles, the hind-wings are either incomplete or absent in the female, and yet the male has well-developed hindwings. In this case, it is considered that incompleteness or absence of hind-wings in the female is not a result of degeneration but is due to contribution to sufficient maturation of the female reproductive organ (e.g., South et al. 19) ). This case should be distinguished from "degeneration".
Conclusion
Molecular phylogenetic analyses of the Carabidae beetles indicated that the ancestor of the socalled ground beetles (the subfamily Carabinae) could have branched off from the non-Carabinae beetles of the family Carabidae with flight capable hind-wings about 80 Mya. The mother lineage of the Carabinae started from the above non-Carabinae beetles and reached the present-day subtribe Calosomina, in which many have well-developed hindwings. During evolution, two tribes and one subtribe branched off from the mother lineage. These are (1) the Cychrini, in which the hind-wings are absent, (2) the Pamborini, with extremely degenerated hindwings, and (3) the subtribe Carabina, which is composed of many species with hind-wings in various degeneration stages. The members of 1 to 3 are not able to fly. The extent of degeneration is not phylogenetic age-dependent and seems to be largely influenced by ecological conditions, such as humidity. In the Calosomina species living in barren areas, the hind-wings are highly degenerated. This also suggested that ecological conditions are an important factor for hind-wing degeneration. As mentioned above, many Carabinae beetles do not fly because of the adaptation to live on ground. Thus, the hindwings became unnecessary and degenerated. This phenomenon may be explained in terms of removal of "a disused" structure.
